The performance of two commercially available high-speed photometers, designed for through-the-plate reading, was evaluated. Linearity of instrumental reading and reproducibility of same-day and 2-day measurements were assessed by least-squares analysis and analysis of variance, respectively. For both instruments, the photometric error was on the order of thousandths of an absorbance unit and was much smaller than the error of the currently available enzyme-linked immunosorbent assays.
The performance of two commercially available high-speed photometers, designed for through-the-plate reading, was evaluated. Linearity of instrumental reading and reproducibility of same-day and 2-day measurements were assessed by least-squares analysis and analysis of variance, respectively. For both instruments, the photometric error was on the order of thousandths of an absorbance unit and was much smaller than the error of the currently available enzyme-linked immunosorbent assays.
High-speed photometers designed for through-the-plate reading insure a rapid turnover time for measuring colorimetric reactions in microtrays. Consequently, the quality of these instruments is an important consideration in the adoption of enzyme-linked immunosorbent assays (ELISA) and similar assays by laboratories with large numbers of specimens. Unlike conventional photometers, these photometers use a vertical light path for through-the-plate reading. One result is that the length of the light path is not fixed by cuvette thickness, so that the absorbance varies with the volume of solution contained in each well. For a prototype of one through-the-plate photometer (Titertek Multiskan; Flow Laboratories, Inc., McLean, Va.), Ruitenberg et al. (5) evaluated intrarun imprecision and concluded that photometric inaccuracy is probably minor in comparison with biological variability and dispensing error in the performance of ELISA. We expanded these studies and evaluated the linearity of instrumental reading and the reproducibility of measurements within the same day and between 2 consecutive days for two commercially available photometers, Titertek Multiskan (Flow Laboratories) and Microelisa Autoreader (Dynatech Laboratories, Inc., Alexandria, Va.).
MATERIALS AND METHODS Photometers. The Titertek Multiskan was equipped with 405-, 414-, 450-, and 492-nm filters with a specified half-band pass of 8 to 12 nm. We estimated the half-band pass of the 405-nm filter to be 10 nm. The Microelisa Autoreader MR580 was equipped with 410-, 455-, 490-, and 570-nm filters; the half-band pass of these filters is specified as 10 nm but could not be The imprecision of instrumental measurements was assessed by comparing the means of groups of measurements taken either in the same run, in different runs the same day, or over 2 consecutive days. Table 2 shows the mean, standard deviation, and coefficient of variation (CV) for groups of measurements taken from the same microplate. The CV for both instruments was less than 12%, even for the smallest absorbance value in the range studied. The CV values obtained with the Microelisa Autoreader were somewhat smaller than those with the Titertek Multiskan.
The one-way ANOVA for the means of groups of eight measurements taken on the same day with the Microelisa Autoreader did not reveal statistically significant differences between these means (P = 0.468). Similarly, statistically significant differences were not found between means of groups of measurements performed over 2 consecutive days (P = 0.779).
Since the light beam for the Titertek Multiskan is divided into eight independent pathways, which are aligned with corresponding rows of cups of a microplate, the imprecision was assessed by simultaneously testing the equality of mean measurements for columns and rows by two-way ANOVA (Table 3 ). There were no statistically significant differences between columns (P = 0.0491), but the differences between rows (eight separate light paths) were statistically significant (P < 0.0001). This large F ratio is explained by the very small mean sum of squares error (0.00000904). This statistic is an unbiased estimate of the variance of the entire population of wells and was one order of magnitude smaller than the mean sum of squares between rows (0.00011987). Thus, it was the very precision of the measurements which allowed a small systematic error between rows to be detected as statistically significant. The actual range of mean readings for rows was very narrow (0.557 to 0.565 absorbance unit) (Fig. 3) , and there was partial overlapping of 95% confidence intervals (bars) of thousandths of an absorbance unit are of no practical significance in results of ELISA, in which the inherent variability is much greater (7) .
The means of 11 groups of eight measurements taken on 2 consecutive days were compared (Fig. 4) . The differences within days were minimal, and the 95% confidence intervals (bars) were largely overlapping. The absorbance readings of day 2 were consistently greater than those of day 1. The one-way ANOVA gave an F ratio of 5.02 (P < 0.0001). However, again the pooled standard deviation was very small (0.004 absorbance unit), and the range of the means was narrow (0.550 to 0.561 absorbance unit). In this case also, very small differences were detectable as statistically significant because the overall variability of repeated readings was very small. Differences of this magnitude in ELISA results are of minimal practical significance. Further studies to determine the relative importance of the various components contributing to the sum of square errors for same-day and 2-day assays were not performed. However, the results of the dilution experiment indicated that evaporation of the solvent would have a trivial effect. 
DISCUSSION
These studies indicated that for these two commercially available through-the-plate-reading photometers, linearity in measuring absorbance of solutions with increasing amounts of chromophore and same-day and 2-day reproducibility were satisfactory.
The imprecision of instrumental readings was very small, on the order of thousandths of a unit over a range of 0.050 to 1.400 absorbance units. These estimates are similar to those reported by Ruitenberg et al. (5) . As might be expected, the CV for both instruments was smaller for readings of at least 0.2 absorbance unit than for more dilute solutions. Therefore, the CV can be minimized by designing ELISA tests to give absorbance values greater than 0.2 for samples of interest.
The Titertek Multiskan showed statistically significant differences among mean absorbance readings of the eight individual light paths and between mean absorbance readings of the 2 consecutive days. However, these statistically significant differences were very small (0.003 and 0.004 absorbance unit, respectively) and of no practical clinical importance for the available ELISA tests, in which differences of 0.003 absorbance unit are not critical in evaluating test results.
For both through-the-plate-reading photometers, there was a linear relationship between volumes of chromophore solution and absorbance readings, and the slope was 0.002 absorbance unit for both the Titertek Multiskan and the Microelisa Autoreader (Fig. 2) . This clearly indicates, as do the results of Ruitenberg et al. (5) , that volumetric inaccuracy in dispensing chromophore is a major source of error.
The volume in which a determined amount of chromophore was diluted did not affect the instrumental readings. Consequently, in ELISA, volumetric errors in adding buffer and inhibitor solutions do not affect the overall error of the assay.
To obtain comparable results of ELISA performed in laboratories with different throughthe-plate-reading photometers, the photometers should be calibrated against conventional spectrophotometers. Furthermore, for the Microelisa Autoreader, the performance of the dual-wavelength mode should be compared with that of the one-wavelength mode. It is important to note that readings taken in these two modes were not comparable, particularly for the larger amounts of chromophore (Fig. 5) .
These studies were addressed to aspects of the evaluation of two commercially available through-the-plate-reading photometers. The results of this study confirm and extend those of Ruitenberg et al. (5) , who studied aspects of the performance of a prototype of the Titertek Multiskan. For an exhaustive evaluation of the performance of spectrometers, the listing of specifications proposed by the International
